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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

[0001] The present invention relates to an electrodeionization apparatus and method and. more particularly, to an 
electrodeionlzation apparatus and method incorporating membrane and electroactive media combinations, including 
Type II anion material, solely or in combination with Type I anion material, to improve electric current distribution, degree 
10 of resin regeneration, and deionization performance. 

Description of the Related Art 

[0002] Electrodeionization (EDI) is a process that removes ionizable species from liquids using electrically active 
15 media and an electrical potential to influence ion transport. The electrically active media may function to alternately 
collect and discharge ionizable species, or to facilitate the transport of k>ns continuously by ionic or electronic substi- 
tution mechanisms. EDI devices may comprise media of penmanent or temporary, charge, and may be operated batch- 
wise, intermittently, or continuously. EDI devices may be operated to cause electrochemical reactions specifically de- 
signed to achieve or enhance performance, and may comprise electrically active membranes such as semtpermeable 
20 ion exchange or bipolar membranes. 

[0003] In continuous electrodeionization (CEDI). which includes processes such as continuous deionization. filled 
cell electrodialysis. or electrodiaresis (EDR). the ionic transport properties of the electrically active media are the primary 
sizing parameter. These processes are described, for example, by Kollsmah in U.S. Patent No. 2,815.320: Pearson 
in U.S. Patent No. 2.794,777; Kressman in U.S. Patent No. 2,923,674: ParsiU.S. Patent Nos. 3.149.061 and3,291 ,713: 
25 Komgold et al. in U.S. Patent No. 3.686.089; Davis in U.S. Patent No. 4,032.452; U.S. Patent No. 3,869,376; O'Hare 
in U.S. Patent No. 4.465,573; Kunz In U.S. Patent Nos. 4,636,296 and 4,687,561: and Giuffrida et al. in U.S. Patent 
No. 4,632,745. 

[0004] A typical CEDI device comprises altemating electroactive semipermeable, anion and cation ion-exchange 
membranes. The spaces between the membranes are configured to create liquid flow compartments with inlets and 

30 outlets. A transverse DC electrical field is imposed by an external power source using electrodes at the tK)unds of the 
membranes and compartments, Often, electrolyte compartments are provided so that reaction products from the elec- 
trodes can be separated from the other flow compartments. Upon imposition of the electric field, ions in the liquid are 
attracted to their respective counterelectrodes. The compartments bounded by the electroactive anion membrane fac- 
ing the anode and the electroactive cation membrane facing the cathode become ionically depleted, and the compart- 

35 ments bounded by the electroactive anion membrane facing the cathode and the electroactive cation membrane facing 
the anode become ionically concentrated. The volume within the ion-depleting compartments, and preferentially within 
the ion-concentrating compartments, is also comprised of electrically active media. In continuous deionization devices, 
the media may comprise intimately mixed anion and cation exchange resins. The ion-exchange media enhances the 
transport of ions within the compartments and can also participate as a substrate for controlled electrochemical reac- 

40 tions. The configuration is similar in EDR devices, except that the media comprise separate, and sometimes altemating, 
layers of ion-exchange resin. In these devices, each layer is substantially comprised of resins of the same polarity 
(either anion or cation resin) and the liquid to be delonlzed flows sequentially through the layers. GB 776469 shows a 
device in which anion and cation exchange resins are alternatively layered. 

[0005] A number of CEDI devices and processes have been successfully commercialized, for example, as disclosed 
45 by Giuffirida In U.S. Patent No. 4.298.442: Giuffrida et al. in U.S. Patent No.4,632.745; Siu et al. in U.S. Patent No. 
4,747.929: Palmer in U.S. Patent No. 4,804.451: Giuffrida et al. in U.S. Patent No. 4.925,541: Giuffrida U.S. Patent 
Nos. 4,931 .1 60 and 4,956,071 ; White in U.S. Patent No. 5,11 6,509; Oren et al. in U.S. Patent No. 5,1 54,809; Giuffrida 
et al. in U.S. Patent No. 5,211.823; and Ganzi et al. in U.S. Patent Nos. 5,308.466 and 5.316,637. In addition, there 
have been a wide range of devices described in the literature. Including Walters et al., "Concentration of Radioactive 
50 Aqueous Wastes," Ind. Eng. Cham.. Vol. 47, 1 , pp. 61-67 (1955); Sammon et al., "An Experimental Study of Electro- 
deionization and Its Application to the Treatment of Radioactive Wastes." AERE-R3137, Chemistry Division. U.K. AEA 
Research Group, Atomic Energy Research Establishment, Hanwell (June 1960); Glueckauf. "Electrodeionization 
Through a Packed Bed," British Chemical Engineering, pp. 646-651 (December, 1959); Matdjka. "Continuous Produc- 
tion of High Purity Water by Electrodeionization." J. Appl. Chem. Biotechnol.. Vol. 21. pp. 117-120 (April.1971); 
55 Shaposhnik et al.. "Demineralization of Water by Electrodialysis with Ion-Exchanger Packing Between the Membranes, 
" Zhumal Prikiadnol Khimii, Vol. 46. 12, pp. 2659-2663 (December. 1973); Komgoid. "Electrodialysis Processes Using 
Ion Exchange Resins Between Membranes," Desalination. Vol. 16, No. 2, pp. 225*233 (1975); and Kedem et al., "Re- 
duction of Polarizauon by Ion-Conduction Spacers.". Desalination. Vol. 27, pp. 143-156 (1978). 
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[0006] There remains a need for devices and processes with improved reliability and the ability to operate under 
more rigorous conditions with reduced power consumption and reduced membrane area. Often, the limiting factor in 
the applicabinty of CEDI is the ability of the electroactrve media within the device to withstand the temperature, chemical, 
and fouling conditions of the liquid to be processed. One difficulty in specifying such electroactlve media results from 

5 the need in most applications to incorporate both anion and cation media within the compartments and the membranes 
Many times, conditions are relatively benign for media of a given fixed charge, but are limited by the oppositely charged 
media. For example, the presence of Iron in the liquid to be processed may result in fouling of cation exchange resin 
and membrane, but would not affect the performance of anion exchange resin or membrane. Conversely, the presence 
of high temperature, chlorine or intermediate molecular weieht weak organic compounds may result in degradation, 

10 oxidation, or fouling of anion exchange resin and membrane, but would not affect the performance of cation exchange 
resin or membrane. Performance of CEDI may further be limited by difficulty in obtaining the desired electrical current 
distribution with the device. Electroactlve media of permanent charge may change their electrical resistance properties 
in undesired ways depending on their ionic form. For example. In the ion substitution of sodium with hydrogen ion in 
EDR. most cation exchange resin will preferentially transport hydrogen Ion over the desired transport of sodium ion. 

IS This results in electrical Inefficiencies and, under certain circumstances, may cause pH shifts that are detrimental to 
valuable products within the liquid. In another example, a given electroactive media may be desirable for transport 
properties, such as the Type II anion membrane and resins for continuous deionization and EDR. but may have the 
undesirable properties of catalyzing the ionization reaction of water to hydrogen and hydroxide Ions. 
[0007] Furthermore, the presence of gases, poor flow distribution, low temperature and/or low conductance liquids 

20 within the electrolyte, compartments may be detrimental to electrical current distribution, thereby reducing the efficiency 
of deionization. However, as a result of the oxidizing or reducing conditions common within the electrolyte compart- 
ments, standard electroactive media such as Ion exchange resins or activated carbons (e.g. carbons prepared by 
pyroiyzing coal into small imperfect granulars having an interfaclal area on the order of 10 m^/g and contain up to 20% 
ash Impurities) cannot be incorporated within the electrolyte compartments because of their limited chemical resistance. 

2S [0008] In electrochemical Ion exchange (EIX) and capacitive deionization (CapDI). both the transport and the capacity 
of the electroactlve media are important sizing parameters. In EIX, the electrode reactions produce ions that are used 
for ionic substitution reactions within the electroactlve media. Typical EIX devices, as described, for example, by Hobro 
et al. In "Recycling of Chromium from Metal Finishing Waste Waters Using Electrochemical Ion Exchange," Electro- 
chemical Society. Symposium on Water Purification. PV94-19. pp. 173-183 (1994). may or may not comprise ion ex- 

30 change membranes. Similar to the CEDI processes, the performance of the EIX devices are often limited by use of 
permanently charged media, media of limited temperature and/or chemical resistance, and/or media with undesirable 
Ion transport properties. In CapDL high surface area, usually carbon type electrodes are used to adsorb ions as polarity 
Is imposed, and then desorb ions as the electric field is removed or reversed. As with other processes, typical CapDI 
devices may also be limited by the use of electrodes of low chemical resistance, or limitations of the media to act 

35 equally well or in the desired manner when in use as both a cation and anion adsorber or as both an ion adsorber and 
desorber. 

[0009] Therefore, a need remains for an Improved electrodeionization apparatus having improved electric current 
distribution, degree of resin regeneration, and deionization performance. Moreover, there is a need for an electrodeion- 
ization apparatus which promotes or limits electrochemical water dissociation depending on its chemical Senvlronment. 
^0 lastly, there is a need to provide improved methods of operation of an electrodeionization apparatus. 



SUMMARY OF THE INVENTION 



[0010] Accordingly, the present invention Is directed to an electrodeionization apparatus in accordance with Claims 
1 and 7 and a method in accordance with claim 8. 

[001 1 ] All combinations and permutations of the electroactive media and operational methods are available for prac- 
tice in various liquid deionization applications as the need arises. For example, the electrodeionization apparatus and 
method of the present invention can be applied to processes that are presently not practically feasible due to lack of 
scaling and fouling resistance, temperature resistance, chemical resistance, or electrical efficiency. Typical applications 
would be the purification and softening of relatively untreated municipal water, relatively untreated well water and 
brackish water, and water containing foulants such as polyelectrolytes, tannins, lignins. fuh^c acid, and other polar or 
weakly ionized or large fonized organic compounds, foulants such as iron, sulfide, phosphates, silicates, and other 
multivalent ions. Other applications would be in the treatment and processing of foods and beverages, sugars and 
various sugar fractionations and chemical modifications, starches, milk and milk by-products, by-products from cheese 
manufacture such as whey, purification and fractionation of proteins, products of various fermentation processes such 
as alcoholic beverages, pharmaceutical products and the like, processes in the chemical. pharmaceutrcaL food and 
beverage Industries requiring ion substitutions in the presence of foulants and chemical oxidants, mixed solutes In low 
level radioactive waste streams, waste water streams containing heavy metals and organic compounds, and liquids 



3 



EP 0 892 677 B1 



in industries such as the food and beverage, chemical, pharmaceutical, power, and chemical industries where operation 
at elevated temperatures are required, or where sterilization or sanitization by heat or chemical oxidants is required. 
[0012] The term "Type I anion resin" refers to any anion exchange resin material having a quaternary ammonium 
functional group. 

s [0013] The term "Type li anion resin" refers to any anion exchange resin material having a dimethyl ethanotamine 
functional group. 

BRIEF DESCRIPTION OF THE DRAWINGS 

10 [0014] Preferred, non-limiting embodiments of the present invention wilt be described by way of example with refer- 
ence to the accompanying drawings, In which: 

FIG. 1 is a schematic, sectional view through an electrodeionization apparatus, illustrating the fluid and Ion flow 
direction through an ion-depleting, ion-concentrating, and electrolyte compartments; 
15 FIG. 2A is a schematic, cross-sectional view through an Ion-depleting cell in an electrodeionization apparatus, 

illustrating one configuration of the cation and anion resin layers within the cell; 

FIG. 2B is a schematic, cross-sectional view through an ion-depleting cell in an electrodeionization apparatus, 
illustrating another configuration of the cation and anion resin layers within the cell; 

FIG. 2C is a schematic, cross-sectional view through an ion-depleting cell in an electrodeionization apparatus. 
20 illustrating another configuration of the cation and anion resin layers within the cell: 

FIG. 2D is a schematic, cross-sectional view through an ion-depleting cell in an electrodeionization apparatus, 
illustrating another configuration of the cation and anion resin layers within the cell: 

FIG. 2E is a schematic, cross-sectional view through an ion-depleting cell in an electrodeionization apparatus, 
illustrating another configuration of the cation and anion resin layers within the cell; 
25 FIG. 2F is a schematic, cross-sectional view through an bn-depleting cell in an electrodeionization apparatus, 

illustrating another configuration of the cation and anion resin layers within the cell: 

FIG. 3A is a schematic, partial sectional view through the electrodeionization apparatus cell shown in FIG. 2A. 
illustrating the bipolar interfaces within the cell and the movement of ions in the direction of corresponding elec- 
trodes; 

30 FIG. 38 is a schematic, partial sectioruil view through the electrodeionization apparatus cell shown in FIG. 28, 

illustrating the bipolar interfaces within the cell and the movement of ions in the direction of corresponding elec- 
trodes; 

FIG. 3C is a schematic, partial sectional view through the electrodeionization apparatus cell shown in FIG. 2C. 
illustrating the bipolar interfaces within the cell and the movement of ions in the direction of corresponding elec- 
ts trodes; 

FIG. 3D is a schematic, partial sectional view'through the electrodeionization apparatus cell shown in FIG. 2D. 
illustrating the bipolar interfaces within the cell and the movement of ions in the direction of corresponding elec- 
trodes; 

FIG. 3E is a schematic, partial sectional view through the electrodeionization apparatus cell shown in FIG. 2E. 
40 illustrating the bipolar Interfaces within the cell and the movement of Ions in the direction of corresponding elec- 

trodes; and 

FIG. 3F is a schematic, partial sectional view through the electrodeionization apparatus cell shown in FIG. 2F. 
illustrating the bipolar Interfaces within the cell and the movement of Ions In the direction of corresporKting elec- 
trodes. 

45 

DETAILED DESCRIPTION OF THE INVENTION 

[0015] The present invention is directed to an electrodeionization apparatus and method which provides high purity 
water with low electrical resistance by controlling the majority of water dissociation so that it occurs at the membrane/ 

so resin interface and at a low electrical potential. The electrodeionization apparatus has improved electric current distri- 
bution, degree of resin regeneration, and deionization performance, and can promote or limit electrochemical water 
splitting depending on its chemical environment. An electrodeionization apparatus may be based on technologies such 
as continuous electrodeionization, electrodiaresis, filled-cell electrodialysis. electrochemical ion exchange, capacitive 
deionization. and the like. For the purposes of the present invention, the electrodeionization apparatus is an EDR 

55 apparatus, such as those disclosed by Kunz. in U.S. Patent Nos. 4.636.296 and 4.687.561 . Moreover, the electro- 
deionization apparatus may be based on various configurations, such as a spiral design, a plate and frame design, 
and a circular design. 

[0016] In FIG. 1. a schematic, cross-sectional view of the fluid and ion flow paths through one embodiment of an 
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EDR apparatus of the present Invention is shown. The EDR module 10 Includes ion-depleting compartments 12 and 
an ion-concentrating compartment 14 positioned between the Ion-depleting compartments. The ion-depleting compart- 
ments are bordered by an anolyte compartment 1 6 and a catholyte compartment 1 8. Typically, end blocks are positioned 
adjacent to end plates (not shown) to house an anode 20 and a cathode 22 in their respectrve compartments. The 

5 compartments Include cation-selective membranes 24 and anion-selective membranes 26, which are typically sealed 
to the periphery of both sides of the compartments. The cation- and anion-selective membranes are typically hetero- 
geneous polyolefln-based membranes, which are typically extruded by a thermoplastic, process using heat and pres- 
sure to create a composite sheet of constant thickness. The cation-selective membranes and anion-selective mem- 
branes are typically comprised of an ion exchange powder, a polyethylene powder binder, and a glycerin lubricant. 

10 The ion exchange powders are readily available; for example, a cation exchange powder is commercially available as 
PUR0LITE6 C-100IP sodium resonium powder, and an anion exchange powder is commercially available as PURO 
LITE6 A-430IP cholestyramine powder (trademarks of Purollte Company. Bala Cynwyd. PA). As known to those skilled 
in the art. the membranes are formed by mixing the raw materials, and forming and extruding pellets made from the 
materials into composite sheets. 

15 [0017] Electroactive media is housed within a central space formed between the ion-permeable membranes 24 and 
26. The Ion-concentrating compartment is filled with cation exchange resins 28. and the ion-depleting compartments 
are filled with alternating layers of cation exchange resins 28 and anion exchange resins 30. Typically, there are at 
least two layers In the ion-depleting compartment (a cation resin layer and an anion resin layer); the number of layers 
in the ion-depleting compartment is determined by the height of the module frame, such that the thickness of each 

20 cation or anion resin layer is adequate to reduce shifting and undesired mixing of the alternating layers of resins during 
use. Therefore, although as few as two alternating resin layers can be used in the Ion-depleting compartment, up to 
eight or more resin layers are typically used. In addition, in an alternative embodiment of the present Invention, the 
ion-concentrating compartment may also be filled with alternating layers of cation exchange resins and anion exchange 
resins (not shown). The arrangement of alternating layers in the ion-concentrating compartment. In addition to the 

25 alternating layers in the ion-depleting compartment, would eliminate a direct path of current flow from electrode to 
electrode through the cation resin (which typically has lower electrical resistance than anion resin) and enhance the 
uniformity of the electric current distribution throughout the module. 

[0018] In operation, a liquid to be purified 32, which may be a reverse osmosis product stream, typically having 
dissolved cationic and anionic components, is fed through the ion-depleting compartments 12. wherein the cationic 

30 components are attracted to the cation exchange resin 28 and the anionic components are attracted to the anion 
exchange resin 30. An electric field is then applied across the anode 20 and cathode 22 at the opposite ends of the 
module. The electric current passes perpendicularly to the fluid flow such that the dissolved cationic and anionic com- 
ponents migrate from the alternating ion exchange resin layers in the direction of their corresponding electrode. Cationic 
components migrate through the cation-selective membrane 24 into the adjacent ion-concentrating compartment 14. 

55 An anion-selective membrane on the opposite side of the Ion-concentrating compartment prevents further migration, 
thereby trapping the cationic components in the ion-concentrating compartment. The process for the anionic compo- 
nents is similar but occurs in the opposite direction: anionic components migrate through the anion-selective membrane 
26 into the ion-concentrating compartment 14 and a cation-selective membrane 24 on the other side of the Ion-con- 
centrating compartment prevents further migration to trap the anionic components in the Ion-concentrating compart- 

40 ment. Ionic components are depleted from the ion-depleting compartments 12 and increased in the ion-concentrating 
compartments 14, forming a high purity product stream 34 and a concentrate stream 36. 

[0019] During the flow of current In the EDR module 10. a polarization phenomena occurs which leads to the disso- 
ciation of water into hydrogen and hydroxyl ions. The hydrogen and hydroxyl ions regenerate the Ion exchange resins 
In the Ion-depleting compartments 12 so, that removal of dissolved ionic components can occur continuously and 

^5 without a separate step for regenerating the exhausted ion exchange resins. Although the dissociation of water occurs 
at varbus locations within the module 10, it preferentially occurs at the bipolar interfaces in the module, where cation 
exchange material contacts anion exchange material in the ion-depleting compartment where localized conditions of 
tow solute are most likely to occur. As shown In FIGS. 3A-3F, in several configurations of cation and anion resin layers 
within an ion-depleting compartment, the two primary areas of bipolar interfaces In the EDR device are where resin 

50 contacts membrane, referred to as the resin/membrane interface (including both the cation membrane/anion resin and 
anion membrane/cation resin Interfaces), and where the resin contacts resin, referred: to as the resin/resin interface. 
As noted, the resin/membrane interface is perpendicular to the current flow and the contact is between a flat hetero- 
geneous membrane that is about 50 percent active, and spherical resin beads with about 100 percent active surface 
area. It is noted that if a majority of the water dissociation occurs at the resin/membrane interface, the* maximum 

55 amount of resin in the ion-depleting compartment will be regenerated. 

[0020] The second area in the module where a bipolar interface exists is the resin/resin interface. This area is located 
between each cation exchange resin and anion exchange resin layer. The resin/resin interface is parallel to the current 
flow and represents about 12 percent of the total bipolar interface within the module. The contact is between sphertoal 
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anion and cation beads that have 100 percent active surface areas. This area may provide the path of least electrical 
resistance, allowing the majority of current to travel therethrough. Because water dissociation occurs where the current 
travels, the majority of water dissociation therefore may occur at the resin/resin Interface, thereby regenerating only 
those resins that surround this interface. Therefore, only a small portion of the resin bed is used, resulting in lower 

5 product quality and a lower buffering capacity for fluctuations in feed water. 

[0021] The electroactive media utilized in the ion-depleting compartment 12 can include a quantity of anion resin 
materials having weak base functional groups in their surface regions, such as tertiary alkyi amino groups, or anion 
resin materials containing Type 11 functional groups in their surface regions, for example dimethyl ethanolamine These 
materials can also be used in combination with anion exchange resin materials containing Type 1 functional groups 

10 (quatemary ammonium groups) in their surface regk)ns. As disclosed by Simons in "The Origin and Elimination of 
Water Splitting in Ion Exchange Membranes During Water Demineralization by Electrodialysis." Desalination , 28 (1979) 
41-42, at current values above the limiting current, water will only dissociate at the Interfaces between oppositely 
charged materials when the anion material contains weak base groups in the surface regions, such as tertiary alkyI 
amino groups. These materials are commercially available, for example, as DOWEX6 WBA anion resins (trademark 

15 of Dow Chemical Company, Midland. Ml). Additionally, anion materials containing Type II functional groups in the 
surface regions, for example dimethyl ethanol amine, can be used with or instead of materials having weak base 
groups. These materials are commercially available, for example, as AMBERJET6 4600 Type II anion resins (trade- 
mark of Rohm & Haas Corporation. Philadelphia. PA), and DOWEX6 SAR Type II anion resins (trademark of Dow 
Chemical Company. Midland, Ml). It has now been found that the use of anion exchange material containing Type II 

20 functional groups or weak base functional groups can control the location of where water dissociation occurs, since 
these groups dissociate water at higher rates than Type I functional groups. The Type II and weak base groups act as 
catalysts, where they increase the rate of water dissociation by modifying the reaction pathway or the nature of the 
activated complex so that the reaction may proceed through an activated complex with lower activation energy. 
[0022] Water dissociation will not occur with anbn resin materials containing Type I functional groups (quatemary 

25 ammonium groups) in their surface regions unless the quatemary ammonium groups are oxidized to tertiary alkyI amine 
groups, as follows: 

oxiddtion 

30 R-CH2N(CH3)3^ ^>R-CH2N(CH3)2 ^ CHj*. 

The tertiary alkyI amine then undergoes a protonation reaction, forming a protonized tertiary alkyI amine and a hydroxyl 

ion. 

35 

protonation 

R^H2N(CH3)2 + HzO > R.CH2N(CH3)2H* + OH! 

40 

The R-CH2N(CH3)2H^- is then reacted, forming a tertiary alkyI amine and a hydrogen ion. 

R-CH2N(CH3)2H* -> R-CH2N(CH3)2 + 

45 

The overall reaction is the dissociation of water. It is noted that under the flow of current, the oxkiatk>n of dimethyl 
ethanolamine functional groups will occur at a faster rate than the oxidation of the quatemary ammonium functional 

groups, resulting in water dissociation at a lower electrical potential. 

[0023] The present invention will be further illustrated by the following examples, which are intended to be illustrative 
so in nature and are not to be considered as limiting the scope of the invention, 

EXAMPLES 

[0024] The following examples used compact continuous detonlzation EDR module. A reverse osmosis permeate 
S5 stream at a conductivity of about 5.0 jiS/cm, at a temperature of abouX 20° C, was used as the feed in each example. 
The modules were operated at a flow rate of about 1.0 tpm/ceit-pair. with a product recovery of about 80 percent. The 
applied DC amperage to the module was 0.5 A, which corresponded to a current density of about 10 mA/cm^. The DC 
voltage was recorded after the forty-eighth hour of operation. The electrical resistance was calculated using Ohm's 
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law and the percentage of current passing across the interfaces was determined by assuming that the arrangement 
of the alternating layers In the Ion-depleting compartment behave as resistors in parallel. 

[0025] Throughout the examples, the in-line conductivity measurements were made with a 832 digital resistivity 
indicator (available from Thortori, Waltham. MA), the water temperature was measured with a GT-300 in-line thermom- 
5 eter (available from Tel-Tru Manufacturing Co., Rochester. NY), and the water flow rates were measured with a 0.4 to 
4.0 Ipm flow meter (available from Blue White. Westminster. CA). power was supplied to the modules with a constant 
voltage/amperage power supply (available from BK Precision. Chicago. IL). 

EXAMPLE I 

10 

[0026] The areas where water splitting occurs in the EDR module were evaluated with various combinations of resin/ 
resin and membrane/resin bipolar interfaces. 

[0027] Six two-cell-pair modules (module 1 -6) with various bipolar interfaces were assembled by layering a measured 
volume of DOWEXO MARATHON6 C cation resins, and MAKATHON6 A and MARATH0N6 A2 anion resins (trade- 

15 marks of Dow Chemical Company. Midland. Ml). DOWEX6 MARATHON6 C cation resin is a gel-type strong acid 
cation exchange resin with sulfonic acid functional groups. DOWEXO MARATHONO A is a gel-type strong base Type 
I anion exchange resin with quaternary ammonium functional groups. DOWEX6 MARATHON6 A2 is a, gel-type strong 
base Type II anion exchange resin with dimethyl ethanolamine functional groups. The modules in figures 2A and 28 
are comparative examples to the present invention. 

20 [0028] Module 1 used layered Type I anion 30 and cation exchange resins 28 between cation-selective membrane 
24 and anion-selective membrane 26 in ion-depleting cell 12. as shown for example In FIG. 2A, Module. 2 used layered 
Type I anion and cation exchange resins, with an inert layer 31 placed between the exchange resins in ion-depleting 
cell 12, as shown for example in FIG. 2B. The inert layer 31 may be fomned from any inert material which does not 
conduct current or take part in water dissociation, while permitting fluid flow to pass through the ion-depleting cell, The 

25 inert layer eliminates the bipolar resin/resin interface between resin layers and forces water dissociation to occur at 
the bipolar membrane/resin interface, where a majority of the resins become regenerated. For example, the inert layer 
31 may be formed from a thin plastic flow distributor, a plastic mesh screen, an expanded plastic sheet with openings 
sufficiently small to prevent a resin/resin interface from fomiing inert resin beads, and the like. Module 3 used layered 
Type 1 anion and cation exchange resins, with a Type II anion resin layer 30* placed between the exchange resins in 

30 ion-depleting cell 12. as shown for example in FIG. 2C. Module 4 used layered Type II anion 30* and cation exchange 
resins 28 between the ion-permeable membranes 24, 26 in the Ion-depleting cell 12. as shown for example in FIG. 
2D. Module 5 used layered Type II anion 30' and cation exchange resins 28 with an inert layer placed between the 
exchange resins in ion-depleting cell 12, as shown for example in FIG. 2E. Module 6 used layered Type U anion 30' 
and cation exchange resins 28. with a Type I anion resin layer 30 placed between the exchange resins in ion-depleting 

35 cell 12, as shown for example in FIG. 2F. As noted above, the bipolar interfaces in each module, where the majority 
of water dissociation is expected to occur, are respectively illustrated in FIGS. 3A-3R 

[0029] The performance of each of the configurations was evaluated with regard to the product resistivity and the 
DC voltage, recorded after forty-eight hours of operation, and the percentage of the current passing across the mem- 
brane/resin interface, is reported in Table 1 below. 

40 



TABLE 1 



45 



so 



Module 


Product Resistivity (MW-cm) 


Voltage 


Current Passing Across Membrane/Resin Interface (%) 


1 


2.69 


135 


90.2 


2 


4.19 


164 


>99.0 


3 


8.84 


17 


11.2 


4 


15.4 


23 


37.7 


3 


11.4 


50 


>99.0 


6 


17.3 


54 


>99.0 



[0030] As reported in Table 1 . Module 1 . wherein 100% of the bipolar surfaces consisted of catk>n and Type I anion 
resins, approximately 90% of the current passed through the membrane/resin interface, indicating that the total resin/ 
resin interface has a higher electrical resistance than the membrane/resin interface. Module 1 also has the second 
highest reported electrical potential (1 35 V at 0.5 A), confinming poor water dissociation ability of the Type I anion resin. 
[0031 ] The highest electrical potential (1 64 V at 0.5 A) was measured in Module 2. which used an inert layer between 



7 



EP 0 892 677 B1 



the cation and Type 1 anion resin layers, and wherein all of the current passed through the membrane/resIn interface. 
The increase in voltage in Module 2 was the result of the additional amount of current that was passing through the 
menribrane/resin interface, and may have also included the presence of the inert material. 

[0032] The addition of Type 11 anion resin between the cation and Type t anion resin layers in Module 3 decreased 

5 the cation and Type I anion resin bipolar Interface to about 88% The current passing through the membrane/resIn 
interface was 11%. indicating that the resin/resin interface had a lower electrical resistance than the membrane/resin 
interface, due to the Type 11 resin functional groups which dissociate water at lower electrical potential. 
[0033] In Module 4, cation and Type II anion resins were used, however because the anion membranes are made 
with Type I anion material, only about 71% of the bipolar surfaces consisted of the cation and Type II anion resins. 

10 About 38% of the current passed through the membrane/resin interface, and Module 4 had the second lowest electrical 
potential (23 V at 0.5 A). Module 5 used an inert layer between the cation and Type II anion resin layers, and the voltage 
increased as all of the current passed through the membrane/resin interface. In Module 6. all of the current was forced 
through the membrane/resin interface because the Type I anion resin was placed between the cation and Type II anion 
resin layers, thereby confirming the excellent water dissociation ability of the Type II anion resin. 

IS [0034] Therefore, to obtain the highest purity water with the lowest electrical resistance the majority of the water 
dissociation preferably occurs at the membrane/resin interface and at low electrical potential. The resin/resin water 
dissociation results in less than optimal electric current distribution and inefficient distribution of hydrogen and hydroxide 
ions. The experimental results indicate that water dissociation at the anion membrane/cation resin and cation mem- 
brane/anion resin interfaces can be controlled by relative bed depth and by the interfacial chemical makeup of the 

20 resins and membranes. The Type II anion material, alone or with Type I anion resin material, used in the membranes 
and/or resins provides the optimum performance of the EDR module. 



Claims 

25 

1. An electrodeionization apparatus, comprising: 

an ion-concentrating compartment; 
an ion-depleting compartment; and 
30 - an anode and a cathode; 

wherein alternating layers of anion exchange resins and cation exchange resins are positioned in said ion-depleting 
compartment, and said layers of anion exchange resins and cation exchange resins are separated by either 

35 (a) a Type I anion exchange resin, ie having a quaternary ammonium functions group or 

(b) an inert material, 

and said anion exchange resins comprise Type II anion resin material (ie having a dimethyl ethanotamine functional 
group) 

40 

2. The electrodeionization apparatus of Claim 1 further comprising alternating layers of cation exchange resins and 
anion exchange resins positioned within said ion-concentrating compartment. 

3. The electrodeionization apparatus of Claim 2, further comprising a Type I anion exchange resin material layer or 
^ an inert material layer positioned between said altemating layers of anion exchange resins and cation exchange 

resins. 

4. The electrodeionization apparatus of any one of the proceeding Claims wherein said compartments are divided 
by at least one anion permeable membrane creation permeable membrane, and said at least one anion permeable 

so membrane comprises Type II anion exchange resins. 

5. The electrodebnization apparatus of any one of the proceeding Claims wherein said anion exchange resins further 
include anion exchange resins selected from the group consisting of Type II anion exchange resins, anion exchange 
resins with weak base surface groups and mixtures thereof. 

55 

6. The electrodeionization apparatus of any one of the preceding Claims further comprising an anotyte compartment 
and a catholyte compartment. 
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7. An electrodeionization apparatus, comprising: alternating layers of Type U anion exchange resins. Type I anion 
exchange resins, and cation exchange resins positioned In an ion-depleting compartment. 

8. A method for purifying a fluid In an electrodeionization apparatus as defined in any one of Claims 1 to 7, comprising: 

passing a fluid stream through said ion-depleting compartment; and 
- applying an electric field across said anode and cathode. 

9. The method of Claim 8, wherein the Type I anfon exchange resin layer or inert material layer positioned between 
the alternating layers of anion exchange resins and cation resin exchange resins promotes water dissociation at 
the membrane/resin interface relative to the amount of water dissociation that occurs at the resin/resin interface, 
and continuously regenerates ion exchange resin material in said compartments. 



Patentanspruche 

1 . Eine Elektroentionislerungsvomchtung, bestehend aus: 
- einer lonenkonzentrationskammer; 

einer lonendepletionskammer; und 

einer Anode und einer Katode; 

wobei abwechselnde Schlchten aus Anionenaustauschharzen und Kationenaustauschharzen In der lonendeple- 
tionskammer angeordnet sind und die Schichten aus Anionenaustauschharzen und Kationenaustauschharzen 
entweder durch: 

(a) etn Anionenaustauschharz des Typs 1, d.h. mit einer quart§ren funktionellen Ammonlumgruppe, Oder 

(b) ein Inertes Material, 

getrennt sind und die Anionenaustauschharze Anionenharzmaterial des Typs il umfassen (d.h. mit einer funktio- 
nellen Dimethylethanolamingruppe). 

2. Elektroentionisierungsvorrichtung gem36 Anspruch 1 , weiterhin bestehend aus abwechselnden Schichten aus 
Kationenaustauschharzen und Anionenaustauschharzen, die innerhalb der tonenkonzentrationskammer angeord- 
net sind. 

3. Elektroentionisierungsvorrichtung gemaB Anspruch 2, weiterhin bestehend aus einer Anionenaustauschharzma- 
terlalschlcht des Typs I Oder einer Schicht aus inertem Material, die zwischen den abwechselnden Schichten aus 
Anionenaustauschharzen und Kationenaustauschharzen angeordnet tst. 

4. Elektroentionisierungsvorrichtung gemaB einem der vorhergehenden Anspruche, wobei die Kammem durch mln- 
destens eine anionendurchlSssige Membran oder kationendurchlassige Membran getrennt sind und die minde- 
stens eine anionendurchldssige Membran Anionenaustauschharze des Typs II umfaBt. 

5. Elektroentionlsierungsvorrichtung gemaB einem der vorhergehenden AnsprOche. wobei die Anionenaustausch- 
harze weiterhin Anionenaustauschharze, die aus der Gruppe, die aus Anionenaustauschharzen des Typs II, An- 
ionenaustauschharzen mit schwachen Basisoberflachengruppen und Mischungen davon besteht, ausgewShIt 
sind. umfassen. 

6. Elektroentk>nislerungsvorrlchtung gemdB einem der vorhergehenden AnsprOche, weiterhin bestehend aus erner 
Anolytkammer und einer Katolytkammer. 

7. Eiektroentionlsierungsvorrichtung, bestehend aus: abwechselnden Schichten aus Anionenaustauschharzen des 
Typs II, Anionenaustauschharzen des Typs I und Kationenaustauschharzen, die In der lonendepletk>nskammer 
angeordnet sind. 
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8. Ein Verfahren zur Reinigung einer Russlgkelt In einer Elektroentionlsierungsvorrlchtung gemSB einem der An- 
spruche 1 bis 7, bestehend aus: 

- dem rohren eines FlQssigkeitsstroms durch die lonendepletionskammer; und 

5 

- dem Aniegen eines elektrischen Felds uber die Anode und die Katode. 

9. Verfahren gemSB Anspruch 8, wobei die Anionenaustauschharzschicht des Typs t Oder die Schrcht aus inertem 
Material, die zwischen abwechselnden Schichten aus Anionenaustauschharzen und Kationenaustauschharzen 

10 angeordnet ist, Wasserdissoziatlon an der Membran/Harz-Grenzf lache bezuglich der Wasserdissoziationsmenge, 

die an der Harz/Harz-Grenzflache stattfindet, fordert, und kontinuierlich lonenaustauschharzmaterial in den Kam- 
mern regenerlert. 

15 Revendicatlons 

1. Un appareii d'dlectrod^sionisation, connprenant : 

un compartiment s'enrichissant en ions ; 

20 

un compartiment s'appauvrissant en k)ns ; et 
une anode et une cathode ; 

25 dans lequel des couches alterndes de r^sines ^changeuses d'anions et de r^sines ^changeuses de cations sont 

positionn^es dans iedit compartiment s'appauvrissant en ions, et lesdites couches de r^sines ^changeuses 
d'anions et de r^sines 6changeuses de cations sont s6par6es : 

(a) soit par une r^sine ^changeuse d'anions de Type 1, (c.-^*d. pr^sentant un groupe fonctionnel ammonium 
30 quaternaire), 

(b) soit par une mati^re inerte, 

et lesdites r^sines ^hangeuses d'anions comprennent de la matt§re r^sinique anionique de Type II (c.-^-d. pr^ 
35 sentant un groupe fonctionnel ^thanolamine de dim^thyle). 

2. L'appareil d'6lectrod§sionisation de ta revendication 1 comprenant en outre des couches altern6es de r^sines 
§changeuses de cations et de r^sines dchangeuses d'anions positionn^es k Tint^rieur dudit compartiment s'enri- 
chissant en ions. 

40 

3. L'appareil d'^lectrod^sionisation de la revendication 2, comprenant en outre une couche de mati^re r^sinique 
^changeuse d'anions de Type I ou une couche de mati^re inerte positionn^e entre lesdites couches altem^es de 
r§sines ^hangeuses d'anions et de r^sines ^changeuses de cations. 

45 4. L'appareil d'^lectrod^siontsation d'une quelconque des revendicatlons pr^^dentes dans lequel lesdits compartH 
ments sont divis^s par au moins une membrane pemn^able aux anions ou une membrane permeable aux cations, 
et cette membrane pemn^able aux anions au moins comprend des r^stnes 4changeuses d'anions de Type IK 

5. L'appareil d'^lectrod^sionisation d'une quelconque des revendicatlons pr^c^dentes dans lequel lesdites r^sines 
50 ^hangeuses d'anions se composent en outre de r^sines ^changeuses d'anions s^lectionn^es dans le groupe 

conststant en r^sines ^hangeuses d'anions de Type it, en r^slnes ^hangeuses d'anions k faibles groupes de 
surface de base et en melanges de celles-ci. 

6. L'appareil d'6lectrod6sionisation d'une quelconque des revendications pr6c6dentes comprenant en outre un com- 
55 partiment anolyte et un compartiment cathoiyte. 

7. Un appareii d'^lectrod^sbnisatbn, comprenant : des couches alterndes de r^ines ^changeuses d'anions de Type 
11. de r^sines ^hangeuses d'anbns de Type I et de r^sines ^changeuses de cations positionn^es dans un com- 
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partiment s'appauvrissant en ions. 

Un proc6d6 de purification d'un f luide dans un appareil d'6lectrod6sionisation tel que d6finl dans une quelconque 
des revendications 1 k 7, conslstant k : 

faire passer un jet de fluide k travers ledit compartiment s'appauvrissant en ions ; et 

h appliquer un champ ^lectrique entre lesdites anode et cathode. 

Le proc^6 de la revendication 8. dans lequel la couche de r^sine 6changeuse d'anions de Type I ou la couche 
de mati^re inerte positlonn6e entre les couches altern6es de r^sines 6changeuses d'anions et de r^sines 6chan- 
geuses de cations active fa dissociatbn de I'eau au niveau de I'lnterface membrane/r^sine par rapport k la quantity 
de dissociation de I'eau qui se produit au niveau de Tinterface r6sine/r6slne, et r6g6n6re en continu la mati^re 
r^sinique ^changeuse d'ions dans lesdits compartlments. 
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(2) CATION RESIN 

lANION RESIN (TYPE I 

Fig, 2A 
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CATION RESIN 
ANION RESIN (TYPE I) 

Fig, 2B 
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Q CATION RESIN 

ANION RESIN (TYPE II) 



ANION RESIN (TYPE I) 

Fig, 2C 





12, 




Q CATION RESIN 

ANION RESIN (TYPE II) 

Fig. 2D 
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Fig, 3A 
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Fig. 3D 
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Fig. 3E Fig. 3F 



17 



